Objective: Hypopituitarism has been associated with increased mortality. The excess mortality may be due to untreated growth hormone (GH) deficiency but also due to various underlying disorders. We therefore analysed mortality in patients with only one underlying disorder, non-functioning pituitary adenoma (NFPA), with and without GH replacement therapy (GHRT). Design and method: Patients with NFPA in the western region of Sweden, 1997-2011, were identified through the National Patient Registry and cross-referenced with several National Health Registries. All patient records were reviewed. Standardised mortality ratios (SMRs) with 95% confidence intervals (CIs) were calculated using the general population as reference. Cox-regression models were performed to identify predictors of mortality. Results: A total of 426 NFPA patients with 4599 patient-years were included, of whom 207 had used GHRT and 219 had not received GHRT. Median (range) follow-up in patients with and without GHRT was 12.2 (0-25) and 8.2 (0-27) years, respectively. Other pituitary hormone deficiencies were more frequent in the GHRT group than those in the non-GHRT group. SMR was 0.65 (95% CI, 0.44-0.94; P = 0.018) for the GHRT group and 1.16 (0.94-1.42; P = 0.17) for the non-GHRT group. Direct comparison between the groups showed reduced mortality among those who were GH replaced (P = 0.0063). The SMR for malignant tumours was reduced in the GHRT-group (0.29; 0.08-0.73; P = 0.004) but not in untreated patients. Conclusions: Selection bias explaining some of the results cannot be excluded. However, NFPA patients with GHRT had reduced overall mortality compared with the general population, and death due to malignancy was not increased. This suggests that long-term GHRT is safe in adult patients selected for treatment.
Introduction
Non-functioning pituitary adenomas (NFPAs) are benign tumours without clinical or laboratory evidence of hormone hypersecretion. Instead, they can cause symptoms due to a mass effect on pituitary function, the optic chiasm, and other nearby structures (1) . They can also be diagnosed as incidentalomas.
An increased mortality has been observed for patients with a variety of pituitary disorders compared to the general population, which has in part been explained by hypopituitarism (2, 3, 4, 5, 6, 7) . It has been suggested that the excess mortality in patients with hypopituitarism is caused by inadequate replacement therapy (4, 8) . Rosén and Bengtsson (4) suggested 25 years ago that untreated growth hormone (GH) deficiency (GHD) might be an important factor. The underlying cause of hypopituitarism such as Cushing's disease, craniopharyngioma, or malignant brain tumours per se might also impose increased mortality (7) . Recently, it has been suggested that replacement therapy with recombinant GH (GHRT) may reduce the increased mortality previously seen in hypopituitary patients with untreated GHD (7, 9, 10, 11, 12, 13) .
In contrast to small NFPAs, large NFPAs are more likely to cause hypopituitarism and other mass-related complications, leading to surgical treatment. Hence, a proportion of patients with NFPA display intact hormone secretion (3) . Only two studies addressing mortality have included patients with NFPA without hypopituitarism (2, 3) . We have previously shown an excess mortality in women but not in men in an unselected populationbased study of patients with NFPA (3) . In that study, the presence of hypopituitarism or previous radiotherapy was associated with an increased risk of premature death. However, the study did not investigate the impact of the degree of hypopituitarism and its replacement therapy on mortality. The aim of this study was to investigate the impact of GHRT on mortality in an unselected group of patients with NFPA in the western region of Sweden.
Subjects and methods

Study design
The Swedish National Patient Registry was used to identify all patients who received a diagnosis of NFPA between 1997 and 2011 within the western region of Sweden (Region of Västra Götaland) (3) . The registry covers all discharge diagnoses as well as all diagnoses from the outpatient clinics at every hospital in Sweden since 1987. To be included in the study, a patient had to have received the diagnosis of a benign pituitary adenoma (ICD-10 code D35.2) at a department of internal medicine, neurology, or neurosurgery. Patients with endocrine-active adenomas were excluded from the analysis. The medical files of the included patients were reviewed twice by two physicians (D S O and P T) for the confirmation of the diagnosis and for retrieving information on tumour treatment, hormone replacement therapy, body mass index (BMI), and treatment for hypertension. The included patients did not have any clinical or histopathological signs of an endocrine active adenoma. In addition, data on the duration of GH therapy, daily dose of GH, and the most recent assessment of serum insulin-like growth factor 1 (IGF-1) were retrieved. The recommendations of the Growth Hormone Research Society were followed to establish the diagnosis of GHD (14) . All patients who went through a diagnostic test and found to be GHD were offered replacement therapy.
All patients with a confirmed diagnosis of NFPA between January 1, 1997, and December 31, 2011, were identified for inclusion in the study. The period was chosen because the ICD-10 classification was implemented in Sweden on January 1, 1997. The patients' outcome was studied either from the day of diagnosis or from the start of the study, which was January 1, 1987, to death or the end of study, which was December 31, 2014. Information on mortality was retrieved from the Swedish National Death Registry, which contains information on the cause of death for all fatalities in Sweden (for ICD-10 codes regarding cause-specific mortality, see section on supplementary data given at the end of this article). All cancer diagnoses were collected from the Swedish National Cancer Registry.
The Swedish National Patient Registry, the Swedish Cancer Registry, and the Swedish National Death Registry are all maintained by the Swedish Board of Social Welfare. They have been shown to have high quality and coverage (15, 16, 17) . 
Patients
The search of the Swedish National Patient Registry identified 570 patients, but 144 were excluded as the diagnosis of NFPA could not be verified in the patient records (n = 141) or there were incomplete records for the patients (n = 3). The large majority of the excluded patients had other pituitaryrelated diseases, e.g. hormone-secreting adenomas or cysts. A total of 426 patients were included in the study (Fig. 1 ). The included patients were subdivided into two groups: a 'GHRT group' for patients who had received GH therapy and 'non-GHRT group' for those who had not received GH. The frequency of GHD was considerably lower in the group of untreated patients, which included 25 patients with normal GH secretion according to provocation tests.
Ethics
Ethical approval for the study was obtained from the Regional Ethical Review Board, Gothenburg University, Sweden.
Statistical analysis
Person-years at risk were calculated from study inclusion to death or end of study and stratified according to gender, 5-year age groups, and 1-year calendar periods. The expected number of cases for each stratum was calculated using the general Swedish population for every calendar year and 5-year age group as reference. The observed number of cases among patients with NFPA was compared to that expected by standardised mortality ratios (SMRs) and standardised incidence ratios (SIRs). Ninety-five percent confidence intervals (CIs) were calculated assuming a Poisson distribution of the observed numbers. Subgroup analyses for GHRT and gender were performed. If less than two events were observed, no estimate was made for SMR. SMRs for non-overlapping subgroups were compared to each other (18) . Additional SMR analysis, with a different definition of baseline was performed.
To study the effect of GHRT on mortality Cox models with duration of treatment as a time dependent variable was used (19) . The presence of treatment was included as an updated predictor set to the duration (in years) of treatment each patient had received at the time point being calculated. This allows to adjust for varying amounts of treatment and preserves data that would be lost in other types of analyses such as landmark analysis. Cox proportional hazard models were used to investigate possible relationships between multiple factors, such as gender, starting age in the study, GHRT, radiotherapy, different replacement therapy, BMI, and hypertension and mortality. A final Cox model was reached through forward selection of significant variables. The possible effect of the length of GHRT (less than 2, 5, 7 or 10 years) on mortality was also investigated using Cox models with time-dependent variables. The proportional hazard assumption was checked. A Kaplan-Meier plot was also used to present the unadjusted survival ( Supplementary Fig. 1 ). Information was gathered from Statistics Sweden to plot the two control groups in the Kaplan-Meier graph. Potential differences in the GH regimen between patients who were alive or had died during the study were investigated by analysing IGF-1 level, IGF-1 s.d. score, and GH dose at last follow-up. Student's t-test and Mann-Whitney U test were used for comparisons between groups with continuous variables with normal and skewed distribution, respectively. Chi-square test was performed for comparison between groups with dichotomous variables. The level of significance was set to P < 0.05. IBM SPSS (version 21) and STATA SE (version 12.1) software was used to perform study analyses.
Results
Patient characteristics
A total of 207 patients with NFPA had received GHRT and 219 had not. There were 70% and 59% men in the treated and untreated groups, respectively ( Table 1) . Treated patients were younger, had longer follow-up, higher BMI and were more likely to have received radiotherapy ( Table 1) . Replacement therapy with cortisol, levothyroxine, and sex steroids was more frequent among patients with GHRT compared to untreated patients.
Overall mortality
In the whole group, mortality was similar to that of the background population (Table 2) , with an SMR of 0.98 (95% CI: 0.81-1.17; P = 0.86). The mortality in patients receiving GHRT was decreased (SMR, 0.65; 95% CI: 0.44-0.94; P < 0.018) and the untreated patients had an SMR of 1.16 (95% CI: 0.94-1.42; P = 0.17) ( Fig. 2B) . In a direct comparison between the SMRs of the groups, there was a Chapters refer to the ICD-10 classification. a Standard mortality ratio significantly (P = 0.009) different between patients with and without GHRT. GHRT, growth hormone replacement therapy.
lower mortality in treated compared to untreated patients (P = 0.009).
Both the full and the final Cox model included the significant variables GHRT and starting age in the study. The final Cox model included two variables and revealed a decreased mortality with years of GHRT (hazard ratio (HR) 0.94, 95% CI 0.91-0.98, P = 0.0063), while increased with age at start in the study (HR 1.10, 95% CI 1.08-1.12, P < 0.0001).
Other factors, such as treatment with radiotherapy, BMI, gender and different replacement therapies, did not have a significant effect in the Cox model, and were therefore not selected for the final statistical model. When analysing the effect of the duration of GHRT, no breaking point was found, all levels (less than 2 years, 5 years, 7 years and 10 years) of duration of GHRT treatment were significantly associated with a decreased mortality. An age-adjusted survival curve of the treated and untreated patients is presented in Fig. 2A and an unadjusted Kaplan-Meier plot is supplied in Supplementary Fig. 1 .
An additional analysis was performed to further strengthen the method of inclusion in the study, in which the starting date of the study was set to January 1, 1997. The SMR of the GHRT group (0.68; 95% CI, 0.45-0.97; P = 0.031) was consistent with the findings mentioned previously using January 1, 1987, as study start.
Serum concentrations of IGF-1, IGF-1 s.d. scores and the given doses of GH were similar between GHRT patients who were alive and those who died during the study period (Table 3) .
Disease-specific cause of death
The risk of death due to circulatory diseases was not significantly different compared to the general population for the GHRT group (SMR, 0.78; 95% CI, 0.42-1.34; P = 0.45) or the untreated patients (SMR, 1.10; 95% CI, 0.78-1.49; P = 0.60) ( Table 2) . A separate analysis for mortality from ischaemic heart disease and cerebrovascular disease showed normal SMR in both groups, expect for cerebrovascular disease in untreated patients which showed a tendency to be elevated (SMR 1.78, 95% CI, 0.97-2.99). A more detailed analysis of the 17 deaths from cerebrovascular diseases showed that three of the patients had received GHRT (1 cerebral haemorrhage, 1 cerebral infarction and 1 further sub-classification not possible) and 14 had not received GHRT (3 cerebral haemorrhage, 4 cerebral infarctions and 7 further sub-classification not possible). Six patients (three in the GHRT group and three in the non-GHRT group) who died from cerebrovascular disease had been treated with radiotherapy. Death from malignant neoplasms was significantly reduced in the treated group, but normal in the untreated patients ( Table 2 ). Details on the types of malignant neoplasms causing death are listed in the Supplementary Table 1 .
Incidence of malignant tumours
The observed number of malignant tumours was 74 for all patients in the study compared to the expected number 
Discussion
The use of GHRT in adults with GHD has been shown to result in beneficial effects on body composition, several cardiovascular risk factors, bone density, and quality of life (20, 21, 22, 23) . One of the most common causes of GHD in adults is pituitary adenoma, especially NFPA. This study is the first to evaluate mortality in a geographical area where all patients with a diagnosis of NFPA were identified. The data were obtained directly from medical files allowing detailed information in all patients. This study shows a reduced mortality ratio in patients selected for long-term GHRT compared with the general population, suggesting that the treatment has no detrimental effects on mortality.
In addition, this study demonstrates that the current clinical management of patients with NFPA results in a normalisation of their life expectancy. Studies based on cohorts from tertiary centres and post-marketing surveillance databases on adult patients receiving long-term GHRT have shown that the previous excess mortality in hypopituitary patients is not as prominent as before (7, 9, 11, 12, 13) . Apart from the risk of patient selection in studies from tertiary centres and in post-marketing databases, all these studies have included a wide range of aetiologies for hypopituitarism and GHD. The heterogeneous aetiology of GHD has, thus, been an important confounder in all studies conducted so far.
A recent meta-analysis showed that hypopituitary patients receiving GHRT had an SMR of 1.15 whereas patients without GHRT had an SMR of 2.40 (12) . The studies included had a mix of aetiologies of hypopituitarism, including diseases with a known high mortality such as Cushing's disease and craniopharyngioma (7) . Only two studies investigating mortality have included unselected populations of patients with NFPA (2, 3). Nilsson et al. (2) included patients between 1958 and 1991 and showed an SMR of 2.0 in NFPA patients, whereas it was substantially lower (SMR, 1.1) in a more recent nationwide study also from Sweden including patients between 1987 and 2011 (3) . This suggests that overall care of patients with NFPA has improved.
Increased GH and IGF-1 signalling is related to reduced life-expectancy in animal studies (24) but, contrarily, it has also been hypothesised that reduced GH in humans may be related to reduced life span (25) . For example, GH receptor gene-disrupted or -knockout mice have an increased life span and are resistant to malignancies (26) . Overwhelming evidence from animal and laboratory studies has shown that the GH and IGF-1 axis is implicated in the development and progression of different types of tumours (27, 28, 29) . Furthermore, high normal serum concentrations of IGF-1 and IGF-binding protein 3 in humans have been associated with a moderate increased risk of different cancer types, i.e. prostate, premenopausal breast, and colorectal cancer, in population-based studies (30) . It has therefore been suggested that GHRT might increase the risk of death due to malignancy. Our study does not lend support to this notion as, we report a decreased mortality due to malignancies in patients receiving long-term GHRT compared to the general population. In addition, the incidence of malignancies was comparable between treated and untreated patients. A recent Danish study, including patients with various causes of adult onset GHD, also suggested a lower mortality from malignancies in patients with GHRT compared to patients without GHRT (11) . Another Danish study in childhood-onset GHD found similar results; reduced risk of death in malignant tumours in patients receiving GHRT than in untreated patients (13) . The most likely explanation for these results is the selection of patients for long-term GHRT although this cannot be proven from the available data.
Several studies have demonstrated that GH deficiency is associated with several known risk factors for cardiovascular disease (31) . Replacement therapy with GH has been shown to improve many of these factors. This has also led to an increased awareness of cardiovascular risk factors in the management and follow-up of hypopituitary patients. Therefore, GHRT as well as the increased awareness and management of cardiovascular disease may contribute to a normalised mortality. Our current study supports that by reporting a risk of deaths from circulatory diseases in the GHRT group that is comparable to the expected frequency (SMR, 0.78; 95% CI, 0.42-1.34; P = 0.45). Significantly more patients in the GHRT group had received radiotherapy; they had more severe hypopituitarism and increased BMI compared to untreated patients. All these factors suggest that a selection bias of including patients with more severe hypopituitarism as well as higher metabolic burden for GHRT. Despite this, mortality was not increased in the GHRT-group. These results are in contrast with previous nationwide population-based studies from our centre, where hypopituitarism and radiotherapy were associated with a higher mortality ratio in patients with NFPA (3) and craniopharyngioma (32), but it was not possible to establish the prevalence of GHRT in these studies. The improved outcome in patients with GHRT despite evidence of more severe pituitary disease, shown in the present study, may support the importance of GHRT. It could also be argued that patients selected for long-term GHRT are managed by centres with special interest in pituitary diseases, that are able to offer a multidisciplinary care of these patients' hypopituitarism and their underlying disorder. Therefore, an improved overall care of hypopituitary patients is likely to be of importance for their improved outcome.
The limitations of the study include the risk of selection bias as the non-treated group had a higher age at diagnosis and had less severe hypopituitarism. However, the method, SMR, used for estimating the mortality ratio takes age into account, when calculating the estimated number of deaths. Every patient contributes with personyears for every calendar year within their 5-year age group at that year. The mortality ratio from the general population with the same age and gender that calendar year is used as reference. Therefore, the difference in age at study start does not affect the comparison. Also, in the analysis of the survival with Cox models, age at study start was included as a regular covariate to adjust for age effects. Cox models were also computed with age as piecewise linear covariates but this was not found to have any significant impact on the primary result (i.e. the effect of GHRT treatment). All presented survival curves are adjusted for age at study start, except for the unadjusted Kaplan-Meier plot in the Supplementary Fig. 1 . Although important potential confounders such as other pituitary deficiencies, radiotherapy, BMI, hypertension, and incidence of malignant tumours were analysed, there could be other potential confounders that were not analysed in this study. If a substantial portion of patients were withheld from GHRT due to on-going active malignancies, it would transfer mortality due to cancer to the untreated group. However, the incidence of malignancies was not higher in the treated than the untreated patients, the risk of death from malignancy was reduced in the GHRT group and it was not increased in the non-GHRT group, which would be expected if malignancy was the reason for not receiving GHRT. Furthermore, the GHRT group included all patients who had received GHRT, i.e., even if GHRT was withdrawn because a malignant tumour was diagnosed, for example. Despite all this, a more intensive surveillance in the GHRT group may have occurred and as such contributed to the inconsistency between the normal incidence ratio and decreased mortality ratio for malignant diseases seen in the GHRT group. Additionally, there is a possibility that the GHRT group may have been more thoroughly followed than the untreated group with surveillance and treatment of their hypopituitarism as well as comorbidities.
The strengths of the study are that all patients had the same aetiology of pituitary disease, NFPA and that all patients with NFPA within a geographical area were included, resulting in an unselected cohort of patients. In addition, the median duration of GHRT was long, over 10 years (2474 patients-years). Also, the outcome of patients treated with GHRT was compared not only to the general population but also against a group with the same pituitary diagnosis.
In conclusion, this study reports a mortality ratio in patients with NFPA who received long-term GHRT that is similar or even decreased as compared with the background population. Also, the risk of death due to malignant tumours was not increased in NFPA patients receiving GHRT.
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